. These two pathways have also been colocalized in individual ORNs in fish and crustaceans. AlCalifornia Institute of Technology though each second messenger pathway is not coupled Biology Division, to the same ion channel in all organisms, three functional Pasadena, California 91125 observations (best demonstrated in lobsters) are that an odor can, in the same animal, excite certain ORNs while inhibiting others through these second messenger Odors in our natural and urban world (e.g., fragrances
odorant application to replicate natural odor flow sugof bulbar circuits? Optical imaging studies of the salamander OB indicate that simple and complex odors pregest that the spatial distribution of responses depends greatly on the adsorptive strength of the odorants and sented to the mucosa evoke responses that are distributed nonhomogeneously throughout the OB, thus on the air flow rate (Ezeh et al., 1995; Kent et al., 1996) . In other words, strongly adsorbed odorants have unequal defining responsive areas and clusters (Cinelli et al., 1995) . Different odors evoke different spatial patterns, access to the distal and proximal ends of the mucosa at low flow rates, but weakly adsorbed odorants are less but overlap is frequent. Increasing odor concentration increases the size of responsive areas and the degree of affected by flow rate. These patterns (called imposed patterns), due to the variable physicochemical properoverlap between them, but does not change the overall spatial pattern of the response. It would be interesting ties of odor molecules, were already known from studies in nonmammalian vertebrates. The new results, howto know, therefore, if these slight changes in spatial activity patterns are correlated with changes in the aniever, reinforce the point that spatial activity patterns observed in response to odor presentation might be mal's perception of the odor. Our own experience indicates that odors often smell the same over large ranges partly explained by spatial differences in odor availability to ORNs. of concentration. One would therefore expect their representation to be somewhat independent of concentraThe spatial resolution offered by the methods used to monitor nasal epithelium activity patterns in vivo (fluotion. Answering this question may require the use of animal preparations in which odor perception and sparescence measurements and electro-olfactograms)
does not yet rival that of the recent molecular hybridizatial activity patterns can be assayed simultaneously. Interestingly, these odor-evoked patterns are qualitation techniques in vitro (single-cell level). The recent functional studies carried out with mammals, however, tively similar whether or not the odor is applied focally to the mucosa, a result compatible with ORG expression now provide a coarse-grain picture similar to that offered previously by studies of amphibian olfactory epithelium.
studies. These data thus provide functional support to previous mapping studies using 2-deoxyglucose or It is here that functional and histochemical results only partially overlap. Whereas hybridization studies indicate c-fos mRNA expression: odors evoke responses in widely distributed regions of the OB that each probably that individual ORGs are expressed at even density within a mucosal zone, activity studies suggest that spacorrespond to individual or small groups of glomeruli and their associated circuitry (Shepherd, 1994) . In amtial patterns evoked by focally puffing odorants are broad but not homogeneous (MacKay and Kesteven, phibians and other lower vertebrates, bulbar output neurons send dendrites to more than one glomerulus, as 1994; Youngentob et al., 1995) .
Several reasons could explain these differences. First, do projection neurons in many arthropods. The degree to which distributed and overlapping optical patterns it is probable that the activity patterns are caused by the activation of ORNs expressing (collectively) many depend on these anatomical features will be interesting to study. odor receptor proteins. Indeed, olfactory receptors proteins do not appear to have extremely specific binding Is there some topological order in the bulbar representation of odor ligands? Studies of rabbit mitral/tufted properties. If some of these receptor genes are expressed focally (evidence for this exists), then the odor-(M/T) cell responses in the main OB using n-aliphatic acids, aldehydes, alcohols, alkanes, and aromatic comevoked functional patterns would be dominated by signals from the activated receptors whose expression is pounds indicate that nearby cells generally respond to closely related molecules but not to more distant ones focal. Second, individual receptor proteins may not activate the same second-messenger pathway and/or con- (Mori and Yoshihara, 1995) . Similarly, individual cells that respond to a set of related compounds (e.g., alkanes ductances in all ORNs in which they are expressed (Dubin and Dionne, 1994; Ache, 1994) . In this case, odoror aldehydes with a 6-, 7-, or 8-carbon aliphatic chain) do not respond to compounds with shorter or longer evoked activity patterns would be determined by the spatial expression patterns of these transduction pathcarbon chains (e.g., the same compounds with 4-, 5-, or 10-carbon chains). These results greatly extend previways and the channels they ultimately activate. Third, it is possible that ORNs expressing a given receptor ous studies on frog olfactory bulb neurons relating hydrocarbon chain length to neuronal responses. Moreprotein are not all at the same stage of developmental maturity. Given that ORNs turn over, it is possible that over, it was found that individual M/T cells excited by a series of n-aliphatic aldehydes (e.g., with a 4-, 5-, or the presence of the message is not an accurate predictor of their responsiveness to odors. To explain the ob-6-carbon chain) are often inhibited by aldehydes whose aliphatic chain is one carbon shorter or longer (Yokoi et served physiological patterns (clusters of responsive cells rather than randomly distributed ones) we would al., 1995). Using pharmacological methods, Yokoi et al. also provide evidence that suggests that this chemical need to hypothesize that nearby ORNs are more likely to be at a similar maturation stage than those farther "lateral inhibition" is mediated by granule cells, although the authors do not exclude a possible role for periglomaway. These questions will certainly be resolved soon. Odor Images in the Olfactory Bulb erular cells. Given that granule cells link nearby glomeruli by their dendrodendritic connections with M/T cells, this Recent molecular and hybridization studies gave beautiful support to the hypothesis of glomerular convergence, result suggests that nearby glomeruli contain M/T cells tuned to closely related ligands. These data further sugthe idea that ORNs expressing the same ORG converge to the same (or a few) glomerulus(-i) in the olfactory bulb gest that neighboring glomeruli may receive inputs from ORNs that express odor receptor proteins with closely (OB) (Vassar et al., 1994) . How do these results relate to recent physiological studies of spatial organization related binding pockets. It will be fascinating to see whether these predictions can be confirmed by molecumean activity, should disrupt the perception of the stimulus. This requires a behavioral measure of perception, lar and structural studies of the receptors.
These results suggest that glomerular networks, a task that very few neurobiological model systems can accomplish yet. Any study of coding, whether it adthrough exquisitely precise convergence patterns and local circuit interactions, may sharpen the response dresses temporal, relational, or mean rate codes, should, of course, attempt to address this point. We are properties of individual cells, as occurs in the encoding of color in the visual system, or of two dimensional space not there yet! Two recent studies, however, focused specifically on the dynamics of neuronal responses in in the visual and somatosensory systems. One feature, however, sets olfaction apart: the high dimensionality of invertebrate olfactory circuits. In the first, the electrical activity in the procerebral lobe of Limax was studied its stimulus space (possibly 100-1000 olfactory receptor types in vertebrates). The precise rules (and their logic) using optical and electrophysiological techniques. Delaney et al. (1994) found slow (<1 Hz) waves of electrical according to which "lateral inhibitory" tuning is organized thus remain to be determined. Finally, it is imporactivity traveling the entire length of the lobe. The waves, possibly due to a gradient of excitability, exist in the tant to repeat that natural odors (in response to which olfactory systems evolved) are usually blends of moleabsence of odorant. Presentation of a behaviorally significant odor, however, appears to modify this gradient cules. Because local olfactory circuits in the first-order relay are complex and because each glomerulus is conof excitability so that the lobe, rather than produce a traveling wave, now experiences the oscillation uninected to many others through few horizontal (lateral) connections, the response of an output neuron is unformly. The role of this odor-induced collapse of the phase gradient is not yet known. Delaney et al. propose likely to be solely determined by the vertical pathway that links it to its preferred component of the blend.
that it may underlie a stimulus-induced attentive state. It is also possible that the deciphering of very strict Although it is clearly critical to understand the steps that lead to the response of a neuron to a single molecular temporal relationships between odor-specific neuronal groups requires transient synchrony of all of the active compound, the existence of these feedback and horizontal pathways implies that the response of a neuron neurons. It will be fascinating to discover the details of the firing patterns that underlie these population signals to a natural blend is unlikely to be a simple combination of its responses to each component of the blend prebetween and during odor presentations. A second study, carried out in an insect, revealed a sented separately. Odor Tunes macroscopic phenomenon similar to that observed in most vertebrates, the generation of field potential oscilConspicuously absent from these anatomical and physiological considerations is time, a critical parameter in lations (20-30 Hz) by odor presentation (Laurent and Davidowitz, 1994) . Like in other systems, the frequency the expression of neural activity. Neuronal responses are often inferred simply from the observation of inof these oscillations is independent of the nature of the odorant. By recording from several neurons at once, creased or decreased fluorescence signals or spike numbers, in response to a stimulus. Although such meahowever, it was found that the oscillations mask complex patterns of activity, which are distributed not only sures are, to a great extent, appropriate, they rest on the assumption that information about the stimulus lies among odor-specific groups of neurons, but also distributed in time. In other words, the oscillatory population simply in average neuronal activity (mean rate codes). This need not be the case. Patterns of action potentials synchrony is in fact created by dynamic ensembles of neurons, each of which participate in the synchronized (their fine temporal structure, such as delays between spikes produced by one neuron, or relational codes, activity only in odor-specific time windows. It is as if the neuronal ensemble were a choir, and each neuron of a precise temporal relationships between spikes produced by different neurons; Abbott, 1994; Theunissen select group contributed to a song during a limited number of measures. A different odor would generate a difand Miller, 1995) or of field potentials (Barrie et al., 1996) may indeed contain significant information. Such conferent song with the same beat, but with different singers: each singer would be assigned different measures siderations are interesting in the case of olfaction, because odor sampling is often periodic (sniff, antennal to interpret. This study fulfills the stimulus-specificity criterion proposed above. More work, however, is flick) and therefore provides stereotypical epochs during which temporal patterns might be used for coding. This needed to prove that these patterns (synchronization and slower modulation of firing) are important for peraspect is important because studies in arthropods, molluscs and vertebrates have long revealed odor-induced ception. Animals such as the honeybee, where behavior and physiology can be combined, may hold the key to temporal response patterns in olfactory neurons. Recently, Cinelli et al. (1995) , for example, described temthese questions. The last few years have seen some major advances poral response patterns distributed over populations of neurons. Mori's results in rabbit (Mori and Yoshihara, in the study of olfaction and its underlying mechanisms. It is important to remember, however, that smelling, like 1995) indicate patterned responses of individual M/T cells. seeing or hearing, is an active process. A full understanding of olfaction will therefore require not only a How can we determine whether these patterns are significant? Two criteria must be fulfilled. First, the temdescription of the events and activity patterns caused by olfactory stimuli, but also of the influences that the poral patterns should be consistent for individual stimuli presented repeatedly, and different for different stimuli brain exerts on olfactory circuits during smelling. Kay (1995) , for example, recorded field potentials simultane-(stimulus specificity). Second, disrupting the temporal relationships between active neurons, but not their ously from the OB, prepiriform cortex (PPC), entorhinal cortex (EC), and dentate gyrus of freely behaving rats. She showed that odor-evoked high frequency bursts (60-100 Hz) originate in the OB before sequentially invading the other centers. By contrast, she found that low frequency bursts ‫02ف(‬ Hz) often originated in EC, before invading PPC and OB. Such centrifugal patterns, however, were generally seen only in trained animals expecting an odor after conditioning. These results suggest, therefore, that some efferent control of OB circuits (possibly modulating their dynamical state) can occur under behavioral conditions such as anticipation. Because olfaction is so closely associated with memory, interplay between the peripheral sensory circuits and the central networks involved in storage and recall may play a very important role in odor discrimination and recognition. Understanding odor processing in the early olfactory circuits (olfactory bulb, antennal lobe, procerebral lobe) will thus require not only a clear description of the functional mapping of afferent projections, but also a better understanding of the dynamic responses that may arise from the interaction of inputs originating in the nose and in the brain.
